The Albany Fraser Orogen is located along the southern and southeastern margins of the Archean Yilgarn Craton. The orogen formed during reworking of the Yilgarn Craton, along with variable additions of juvenile mantle material, from at least 1810 Ma to 1140 Ma. The Fraser Zone is a 425 km long and 50 km wide geophysically distinct belt near the northwestern edge of the orogen, hosting abundant sills of predominantly metagabbroic non-cumulate rocks, but including larger cumulate bodies, all emplaced at c. 1300 Ma. The gabbroic rocks are interpreted to have crystallised from a basaltic magma that had $8.8% MgO, 185 ppm Ni, 51 ppm Cu, and extremely low contents of platinum-group elements (PGE, <1 ppb). Levels of high field-strength elements (HFSE) in the least enriched rocks indicate that the magma was derived from a mantle source more depleted than a MORB source. Isotope and trace element systematics suggest that the magma was contaminated (eNd 0 to À2 throughout, La/Nb around 3) with small (<10%) amounts of crust before and during ascent and emplacement. Larger bodies of cumulate rocks show evidence for additional contamination, at the emplacement level, with country-rock metasedimentary rocks or their anatectic melts. The area has been the focus of considerable exploration for Ni-Cu sulphides following the discovery of the Nova deposit in 2012 in an intrusion consisting of olivine gabbronoritic, noritic and peridotitic cumulates, interlayered with metasedimentary rocks belonging to the Snowys Dam Formation of the Arid Basin. Disseminated sulphides from a drillcore intersecting the structurally upper portion of the intrusion, above the main ore zone, have tenors of $3-6.3% Ni, 1.8-6% Cu and mostly <500 ppb PGE, suggesting derivation from magma with the same composition as the regional Fraser Zone metagabbroic sills, at R factors of $1500. However, the Nova rocks tend to have higher eSr (38-52) and more variable d 34 S (À2 to +4) than the regional metagabbros (eSr 17-32, d
Introduction
The Neoarchean to Mesoproterozoic Albany-Fraser Orogen (AFO), located along the southern and southeastern margins of the Archean Yilgarn Craton ( understood and least explored geological domains of Western Australia. The discovery of the Nova Ni-Cu sulphide deposit within the distinct, orogen-parallel and fault-bounded 'Fraser Zone' in 2012 (Bennett et al., 2014) has led to considerable exploration activity in the area, based on the premise that ore deposits often tend to occur in clusters. Nevertheless, because of limited outcrop and a complex structural evolution, exploration of this extensive greenfields region for magmatic Ni-Cu sulphides remains in its infancy. In addition, emerging geological models for the region are establishing a potential for a range of other mineralisation styles (e.g. orogenic gold, VMS/VHMS, Brocken Hill type etc.) yet to be tested. In this paper, we examine the composition of the mafic-ultramafic rocks of the Fraser Zone including those within the disseminated-sulphide bearing portion above the main ore zone of the Nova deposit. We use these data to evaluate the petrogenesis of the rocks hosting the mineralisation and the magmatic sulphide ore potential of this region of the Albany-Fraser Orogen.
Regional setting
The Albany-Fraser Orogen is dominated by rocks formed through Neoarchean to Mesoproterozoic events that reworked the southern Yilgarn Craton margin (Kirkland et al., 2011a; Spaggiari et al., 2014a) . Mesoproterozoic tectonism is expressed by the Albany-Fraser Orogeny, which took place in two stages: 1330-1260 Ma (Stage I) and 1225-1140 Ma (Stage II) (Clark et al., 2000; Spaggiari et al., 2015) . The orogen comprises two main tectonic units -the Northern Foreland and the Kepa Kurl Booya Province -both with an evolution involving the modification of an Archean Yilgarn-like source accompanied by injection of juvenile Proterozoic material Kirkland et al., 2011a) . The eastern boundary of the Albany-Fraser Orogen, and the limit of Yilgarn Craton reworked crust, is defined by the Rodona Shear Zone, which separates the orogen from the Madura Province ( Fig. 1 ; Spaggiari et al., 2012 Spaggiari et al., , 2015 Smithies et al., 2015) .
The Northern Foreland is dominated by Neoarchean orthogneisses of the Yilgarn Craton, deformed and metamorphosed during Mesoproterozoic tectonic events. The protoliths to these rocks formed during several magmatic events (Spaggiari et al., 2011) that are directly comparable to magmatic events elsewhere in the Yilgarn Craton (Cassidy et al., 2006; Mole et al., 2012) .
The Kepa Kurl Booya Province lying immediately to the south and east of the Northern Foreland, includes the Tropicana, Biranup, Fraser and Nornalup Zones (Spaggiari et al., 2009; Occhipinti et al., 2014) . The Tropicana Zone is dominated by Neoarchean rocks interpreted to be derived from the Yilgarn Craton, but with a different structural and metamorphic history to those of the Northern Foreland Tyler et al., 2014) . The Biranup Zone comprises largely mid-crustal rocks, including orthogneiss and metagabbro with ages of c. 1810-1625 Ma, and isolated remnants of Yilgarn Craton rocks Kirkland et al., 2011a) . The Nornalup Zone constitutes the southern-and easternmost tectonic unit of the Kepa Kurl Booya Province and recent geochronological and Hf-isotopic data are consistent with the suggestion that the Biranup and Nornalup Zones formed through reworking of the same Archean Yilgarn-like crust (Kirkland et al., 2011a Smithies et al., 2015) .
The Kepa Kurl Booya province essentially formed by progressive magmatic recycling of Yilgarn crust together with episodic addition of juvenile (tholeiitic) material (Kirkland et al., 2011a) . This occurred as the Yilgarn margin extended into an ocean-continent transition zone through several episodes including the 1810-1800 Ma Salmon Gums Event, the 1780-1760 Ma Ngadju Event and the 1710-1650 Ma Biranup Orogeny, accompanied by formation of the Paleoproterozoic Barren Basin . This long period of tectonism culminated with the formation of a passive margin and marginal oceanic basin (part of the Madura Province), leading to the initial deposition of the Arid Basin between c. 1600 and 1400 Ma . Magmatic recycling continued during and after subsequent convergence of the juvenile, oceanic crust of the Madura Province, during the Albany-Fraser Orogeny Smithies et al., 2015) .
The Fraser Zone
Gravity data define the Fraser Zone as an approximately 425 km long, 50 km wide northeasterly trending unit (Fig. 2) . Magnetic and deep crustal seismic reflection data show that it is bounded by large shear zones forming a V-shape to approximately 13 km depth: the southeast-dipping Fraser Shear Zone and the northwest dipping linked Newman and Boonderoo Shear Zones (Spaggiari et al., 2014b) . Only the southern portion of the Fraser Zone is exposed, whereas the northern portion is covered by thick sandy regolith and limestones of the Eucla Basin. The Fraser Zone is dominated by voluminous sheets of metagabbro (Fraser gabbro) and lesser metagranitic rocks, both of which have intruded sedimentary rocks of the Snowys Dam Formation of the Arid Basin . These rocks have been deformed and metamorphosed to granulite facies, forming complex layering from both primary and secondary processes (the Fraser Range Metamorphics; Spaggiari et al., 2009 Spaggiari et al., , 2011 Clark et al., 2014) . Ultramafic rocks appear to be less common than gabbroic rocks. They typically occur in the central portions of some of the gabbroic sills (e.g., at Mt Malcolm, Fig. 1 ), but also form an important component within larger cumulate bodies, including the host rocks to the Nova Ni-Cu sulphide deposit, discussed in more detail below. The Snowys Dam Formation is a sequence of upper amphibolite to granulite facies pelitic, semipelitic to calcic, locally iron-and locally sulphide-rich metasedimentary rocks with abundant layers and sills of Fraser gabbro. These rocks are interpreted to have been deposited in a foreland basin during the final stages of formation of the Arid Basin (maximum depositional age of 1332 ± 21 Ma), following accretion of the Loongana oceanic arc and Madura Province to the east by c. 1330 Ma, and just prior to intrusion of the Fraser Zone contemporaneous gabbroic and felsic rocks between c. 1305 and 1280 Ma Kirkland et al., 2011a; Clark et al., 2014) .
The magmatic rocks form components of the 1330-1280 Ma Recherche Supersuite, the magmatic expression of Stage I of the Albany-Fraser Orogeny. The metagranitic rocks that intrude the metagabbros can be broadly subdivided into two groups. Local anatectic melts of Arid Basin metasedimentary rocks are typically peraluminous syenogranites referred to as the Southern Hill Suite . Typically metaluminous granites form part of the Gora Hill Suite. These form relatively rare intrusions within the Fraser Zone but are more regionally distributed throughout the southeastern part of the Biranup Zone and the eastern Nornalup Zone. Geochemical and isotopic trends suggest that the metaluminous granites are derived through melting of Fraser gabbro-like mafic rocks (or of rocks resulting through melting of Fraser gabbro) and mixing with silicic crust (or melts thereof) formed during the earlier Biranup Orogeny Smithies et al., 2014 Smithies et al., , 2015 .
Peak granulite facies metamorphism of c. 850°C at 7-9 kbar has been constrained in the Snowys Dam Formation in the Fraser Zone at c. 1290 Ma, coeval with magmatism, and only shortly after the sediments were deposited . The peak metamorphic pressures could constrain the depth (25-30 km) at which the gabbros of the Fraser Zone were intruded and thus the minimum depth of this portion of the Arid Basin. However, the P-T conditions were determined from metamorphic assemblages with a gneissic fabric (Oorschot, 2011) , and could relate to post magmatic folding and crustal thickening (Smithies et al., 2013) . Certainly, the available data indicate a relatively short time interval for sediment deposition, igneous crystallization, and near coeval granulite-facies metamorphism and suggest that regional magmatism was the thermal driver of metamorphism .
Present interpretations are that the Fraser Zone represents a structurally modified, middle-to deep-crustal 'hot zone', formed by the repeated intrusion of gabbroic magma from a mantle upwelling into quartzofeldspathic country rock Smithies et al., 2013; Clark et al., 2014) .
The Nova deposit
Targeting of the Nova Ni-Cu deposit in 2012 was initially based on a geochemical soil anomaly identified from regional datasets produced by the Geological Survey of Western Australia and a magnetic feature termed 'the Eye'. Early drilling included the first diamond hole (SFRD-0017), co-funded by the Western Australia government's Exploration Incentive Scheme (EIS), drilled 280 m into mafic-ultramafic rocks carrying disseminated Ni-Cu sulphides (Gollam, 2012; Bennett et al., 2014) . Based on similarities in sulphide composition, this material is interpreted by us to represent the upper portion of the intrusion that contains the Nova massive and net-textured sulphide mineralisation interlayered with mafic-ultramafic rocks towards its base. The intrusion has since been extensively drilled and appears to comprise a sequence of gabbroic and ultramafic rocks of >400 m thickness and at least 900 m width, interlayered with pelitic metasedimentary rocks of the Snowys Dam Formation (Fig. 3) . These rocks have undergone significant deformation and granulite-facies metamorphism. In February 2013, Sirius Resources announced the Bollinger discovery, a dominantly flat lying body located to the east of the Nova deposit and connected to the Nova deposit by an interpreted feeder zone. The combined resource stands at 14.6 Mt of ore at 2.2% Ni, 0.9% Cu, and 0.08% Co, with a contained 325,000 t of nickel, 134,000 t of copper; and 11,000 t of cobalt (Bennett et al., 2014) . 
Sample material and analytical methods
In total we have analysed more than 100 mafic-ultramafic samples from the Fraser Zone, amongst them 26 samples from the SFRD-0017 drill core located just above the main ore zone at the Nova deposit (see Electronic Appendix 1). The Nova samples are largely unaltered aside from partial serpentinisation of olivine. To help better constrain petrogenetic processes throughout the Fraser Zone, and lead to more effective Ni-Cu exploration models in that region, the Creasy Group of Companies has provided unaltered rock chips of a sample suite comprising a representative range of mafic and ultramafic rocks from exploration tenements within portions of the Fraser Zone approximately 130-150 km to the northeast of Nova that are under cover, as well as access to diamond core of sulphide bearing metasedimentary rocks of the Snowys Dam Formation, from their Sunline Prospect within these tenements (Fig. 2) .
For the purpose of identifying the geochemical signatures of any possible contaminant within the rocks, we complimented our dataset with 70 analyses of granitic and metasedimentary rocks from elsewhere within the Fraser Zone and more regionally within the east Albany-Fraser Orogen, considered to be representatives of all known major crustal lithologies. All analyses can be obtained from the Geological Survey of Western Australia WACHEM database (http://geochem.dmp.wa.gov.au/geochem/), along with analytical details. Samples were prepared for analysis at GSWA using a jaw crusher followed by milling in a tungsten carbide mill. The mill was tested for possible contaminants, with only W and Co being significant. Major elements were determined at ALS Laboratories (Perth) by wavelength-dispersive X-ray fluorescence (XRF) on fused disks. Trace element concentrations were determined at Geoscience Australia by inductively coupled plasma-mass spectrometry (ICP-MS). Precision and accuracy has been monitored by in-house reference materials KG1 and BB1. Precision has been estimated by calculating the percent relative standard deviation (or covariance) for each RM. Precision for major elements is better than 1% of the reported values, and precision for trace elements is better than 10% of the reported values. Accuracy has been assessed by comparing the recommended analyte value (Morris (2007) -GSWA record 20017/14 -with the average analyte concentration using the formula: 100 ⁄ ABS((average-recc)/(average + recc)). HRD values are mostly <10.
Platinum-group element concentrations were determined by Ni-sulfide fire assay followed by Te co-precipitation and ICP-MS at the University of Quebec at Chicoutimi, Canada. Analytical details are given in Barnes et al. (2010) . All data as well as estimates of precision and accuracy are provided in Electronic Appendix 2.
In situ S isotope analyses of pyrrhotite were performed using a Nu Plasma HR multicollector ICPMS at the Geological Survey of Finland in Espoo together with a Photon Machine Analyte G2 laser microprobe. Samples were ablated in He gas (gas flows = 0.4 and 0.1 l/min) within a HelEx ablation cell (Müller et al., 2009) . S isotopes were analyzed at medium resolution. During the ablation the data were collected in static mode ( 32 S, 34 S). Single spots of pyrrhotite were ablated at a spatial resolution of 40 micrometers, using a fluence of 0.83 J/cm 2 and a repetition rate of 5 Hz. The total S signal obtained for pyrrhotite was typically below 2 V. Under these conditions, after a 20 s baseline, 30-50 s of ablation is needed to obtain an internal precision of 34 S/ 32 S 6 ±0.00001 (2r). One inhouse pyrrhotite standard (Polopo) has been used for external standard bracketing. Two pyrite standards have been used for quality control (PPP-1, Gilbert et al., 2014 , and in house standard Py1). An average d 34 S CDT (‰) value of À0.85 ± 0.22‰ (2 s, n = 5) for Py1 was obtained, which is consistent with the value measured by gas mass spectrometry of À0.6 ± 1.2‰ (2r). For PPP-1, we obtained an average value of 4.6 ± 0.4‰ (2r, n = 12), slightly lower than the reported value of 5.3 ± 0.2‰ (2r) by Gilbert et al. (2014) . Part of the difference in accuracy is related to the standard homogeneity and matrix effect between Po and Py. Results of our analyses are provided in Electronic Appendix 3. Whole rock sulphur isotopes in sedimentary rocks were determined by Rafter GNS Sciences at the New Zealand National Isotope Centre. The samples were measured in duplicate in tin capsules with equal amounts of V 2 O 5 on a EuroVector Elemental Analyzer connected to a GVI IsoPrime mass spectrometer. All results are averages and standard deviations of duplicates are reported with respect to VCDT, normalized to internal standards: R18742, R2268, and R2298 with accepted d
34 S values of À32‰, +3.3‰, and +8.6‰, respectively. The external precision for this instrument is better than 0.3 for d 34 S.
The analysis of in situ Sr isotopic compositions of plagioclase was conducted on a Photo Machine Analyte G2 laser microprobe coupled to a Nu Plasma HR multicollector inductively coupled mass spectrometer at the Geological Survey of Finland in Espoo. The analytical conditions are largely similar to those reported by Yang et al. (2013) , who used a slightly modified methodology from that described by Ramos et al. (2004 Ramos et al. ( , 2005 . The repeated analysis of an in-house plagioclase standard after approximate every ten measurements yielded an average 87 Sr/ 86 Sr ratio of 0.70312 ± 0.00010 (2r, n = 33), which is consistent with the reference ratio of 0.70310 ± 0.00010 (2r) determined by thermal ionisation mass spectrometry (sample Mir a, Rankenburg et al., 2004) . The average value of several analyses (n = 5-9) is considered to represent the bulk composition, with a standard deviation of 6 ±0.00040 (2r). The measured isotopic ratios were then agecorrected to 1300 Ma (Reference). The data are listed in Electronic Appendix 4. Sm-Nd isotope measurements were determined on whole-rock sample powders by isotope dilution at the University of Rennes (France) and the University of Queensland (Australia) over the course of several years. Analytical details are given in Kirkland et al. (2014) , and the data including analytical errors are provided in Electronic Appendix 1.
Different phases within the samples were quantitatively analysed for Si, Mg, Ni, Fe, K, Al, Na, Co, Mn, Ti, Cr, and Ca using a JEOL 8900R electron microphone in the CSIRO labs at Clayton, Victoria. All elements were analysed using the Ka line except for Co which used the Kb to avoid the overlap with Fe; Ka. Standards used were San Carlos olivine [(Mg, Fe) ], wollastonite (CaSiO 3 ). Oxygen was calculated by stoichiometry, based on valence. Operating conditions for the microprobe were; an accelerating voltage of 20 kV and a beam current of 15 nA. To average the composition of grains, the electron beam was defocused a same amount (5 lm) for the analyses. All analysis positions were verified as being homogeneous by viewing the backscattered electron image of the area to be analysed. All elemental analyses were corrected for atomic number (Z), absorption (A) and fluorescence (F) using a Phi-Rho-Z matrix correction procedure implemented on the JEOL 8500F. The JEOL 8500F was equipped with five wavelength dispersive spectrometers and two energy dispersive spectrometers. The compositional data and calculated detection limits based on counting statistics are listed in Electronic Appendix 5.
Results

Lithologies and petrography of outcrop samples
Metagabbros of the Fraser Zone form sheets of variable thickness (centimeters to hundreds of meters) within the metasedimentary host sequence. These sheets appear to thicken to the southeast where metagabbroic rocks become much more abundant than metasedimentary rocks. Outcrops show evidence (e.g., inclusions, stringers, schlieren, mingling textures) for the incorporation of metasedimentary country rock, local melts of country rock, or of contemporaneous granodiorite intrusions (Fig. 4) . Thus, the metagabbros are broadly divided into hybrid rocks (further subdivided into 2 groups below) and rocks that show no field or geochemical evidence for contamination -referred to as the 'main gabbros'. Whereas many samples of gabbro studied here show a high-grade metamorphic textural overprint and fabric, textures of the main gabbros ( Fig. 5a ) range from near pristine igneous intergranular to sub-ophitic and granoblastic. The full range of textures can be observed at single localities. Zones of relatively high strain may show pronounced foliation, but in many cases this is overprinted by a granoblastic texture. The main gabbros comprise fine-to medium-grained, mesocratic olivine gabbro and olivine gabbronorite, containing 35-60% plagioclase (An55-70, semiquantitative SEM analysis of 1 sample), up to 15% anhedral to subhedral olivine that is partially enclosed within orthopyroxene, up to 50% intergranular, poikilitic or granoblastic pyroxene, with clinopyroxene being more abundant than orthopyroxene, up to 5% magnetite, as well as up to 10% brown biotite. In granoblastic rocks, biotite is either absent or forms flakes which may be strongly aligned with the gneissic foliation. Brown hornblende is a notable component of most of the rocks, forming up to 20% of the mode. It rims biotite and pyroxene, commonly as granoblastic aggregates. Sulphides are rare and mainly confined to the Mount Malcolm locality (see Electronic Appendix 1 for GPS coordinates of this location) where they form blebs consisting of pyrrhotite, flame-and granular pentlandite, and chalcopyrite in broadly magmatic proportions.
The hybrid gabbros can be sub-divided into 'Group 1' and 'Group 2', based largely on geochemistry (Smithies et al., 2013) . Both groups are fine-to medium-grained, mesocratic rocks, commonly showing well developed granoblastic textures. In some cases they preserve an igneous intergranular to sub-ophitic texture. In contrast to the main gabbros, they typically contain little or no olivine and some samples contain rare interstitial quartz. In some samples from the Wyralinu Hill locality garnet poikiloblasts up to 6 mm in size have been observed. Although hornblende is typically brown, it can range to brown-green to green. Some Group 2 hybrid gabbros are texturally very heterogenous, comprising fine-grained granoblastic domains enclosing felsic domains forming layers, elongate blebs or wisps up to 3 cm long and consisting of plagioclase (commonly antiperthitic), lesser amounts of quartz and rare perthite (Fig. 4) .
Lithologies and petrography of the Nova drill core SRFR0017
The Nova samples comprise lherzolite, wehrlite, websterite, gabbronorite and anorthosite. The rocks are mostly medium grained ( Fig. 5b-h ), but some of the gabbronoritic and noritic rocks are fine-grained. Contacts between the medium grained and fine grained lithologies tend to be gradational on the scale of mm to cm. In the lower portion of the drill core the metagabbro is interlayered with metasedimentary rocks (Fig. 6h) , and in addition there are several decimetre-scale dolerite veins. Most rocks are relatively unaltered, or are moderately altered in the form of sericitisation of plagioclase, locally abundant brown hornblende, and serpentine veins in olivine. The textures are typically granular, with grain boundary angles of $120°, but harzburgites consisting of orthopyroxene oikocrysts and olivine chadacrysts also occur (Fig. 5c ). Gabbronoritic sample GSWA 201255 contains fine grained domains of granular norite embedded in a matrix of medium-to coarse grained gabbronorite (Fig. 5) . Ultramafic cumulates show a range of lithologies, the most common being poikilitic lherzolite with clinopyroxene and subordinate orthopyroxene oikocrysts up to 1 cm in diameter. These are interlayered with granular lherzolite containing sub-equant olivine and orthopyroxene typically 1-2 mm in diameter, and orthopyroxenite and websterite with minor olivine and patches of interstitial plagioclase. Clinopyroxene is typically rimmed with brown hornblende. The interstitial space in the pyroxene-rich lithologies is typically occupied by a distinctive symplectic intergrowth of pyroxene (probably inverted pigeonite) and plagioclase. Orthopyroxene and clinopyroxene typically constitute 10-20% of the rock, except in websterite. A metamorphic overprint is apparent in the form of sub-grain coronas of pyroxene around olivine, abundant small grains of green and brown spinel, and symplectic intergrowths of pyroxene and plagioclase with secondary green spinel (Fig. 5b) . These textures resemble those found in ultramafic rocks of the Niquelandia intrusion, Brazil (Fornoni Candia et al., 1989 ) and the Giles intrusions in central Australia (Glikson et al., 1996; Maier et al., 2015) where they were interpreted to reflect Al-transfer from plagioclase to spinel during high pressure cooling. Plagioclase is mostly intercumulus, but subhedral cumulus grains also occur. Brown mica and apatite are accessory phases and chromite is a ubiquitous trace phase in the olivine cumulates. Sulphides constitute up to approximately 10% of the rock, either in the form of intercumulus or drop-like grains, mostly smaller than 0.5 mm. In some of the rocks there appear to be 2 distinct modes of sulphide occurrence. For example, the bulk of sample GSWA 201255 shows low amounts of interstitial and vein-style sulphides with a high proportion of chalcopyrite in coarse grained gabbronorite, whereas fine-to medium grained granular textured noritic and pyroxenitic domains that appear to be autoliths are more strongly mineralised containing a typically magmatic assemblage of pyrrhotite, granular pentlandite and chalcopyrite (Figs. 5f, g and 7).
Mineral compositions of the Nova deposit
The compositions of olivine, orthopyroxene, clinopyroxene, plagioclase and spinel were determined in 10 samples of drill core SRFR0017 intersecting the upper portion of the Nova intrusion, including norite, gabbronorite, and harzburgite. The forsterite content of olivine varies from $Fo 80 to 83, with Ni contents from $900 to 1700 ppm (average 1130 ppm, Fig. 8 ). The harzburgites have slightly higher Fo than the norites and gabbronorites, but Ni contents of olivine broadly overlap with the gabbroic rocks. Within individual rock types there is little systematic compositional variation with height (Fig. 9) . In general, most Nova olivines are relatively depleted in Ni compared to olivines from layered intrusions and basic-ultrabasic lavas globally (Fig. 8) .
Orthopyroxene has Mg# 71-84 and up to 0.62% Cr 2 O 3 in harzburgite, but <0.1% Cr 2 O 3 in norite and olivine gabbro. Al 2 O 3 contents vary from 1.5% in norite to 4% in gabbronorite and harzburgite. Clinopyroxene has Mg# 79-89, with up to 1.27% Cr 2 O 3 in harzburgite. Cumulus plagioclase has An 62-78, except for one sample of gabbronorite that has An 86-89.
Lithophile geochemistry
Average compositions of the main gabbro and the Group 1 and 2 hybrids, as well as peridotites and gabbronorites from Nova and the Creasy Group of companies are given in Table 1 . Major and trace element variations in the mafic ultramafic rocks are plotted against MgO in Fig. 10 . The compositions of some key minerals are also plotted, based on microprobe data from Nova samples (Electronic Appendix 5).
The main gabbros from the Fraser Zone have on average 8.8% MgO, 185 ppm Ni and 240 ppm Cr, consistent with basaltic compositions. The hybrid gabbros plot towards low MgO, Al 2 O 3 and CaO, and high SiO 2 .
The Nova cumulates have up to 35% MgO and their compositions are mainly controlled by modal variations in plagioclase, olivine, clinopyroxene and orthopyroxene, as reflected by the well defined negative correlations in the Al 2 O 3 /MgO, CaO/MgO and Sr/ MgO plots (Fig. 10) . The Cr/MgO and Ni/MgO plots show considerably more scatter, likely due to the presence of chromite and sulphide. The ultramafic samples from the Creasy Group of companies are more MgO rich than the most magnesian Nova samples, and they are richer in Cr and Ni. However, many of the gabbroic samples from the Creasy Group sample suite have compositions similar to those of the main gabbros of the Fraser Zone Incompatible elements are plotted in Fig. 10g and h. The main gabbros have average contents of 106 ppm Zr, 1.2% TiO 2 , and 0.6% K 2 O (the latter not shown) with the hybrid gabbros being notably enriched in these elements, at up to 800 ppm Zr, 2% TiO 2 , and 3.5% K 2 O. The mafic and ultramafic rocks from Nova and the Creasy Group of companies have much lower concentrations of these trace elements, i.e., 5-20 ppm Zr, and <0.5% K 2 O and TiO 2 .
The bulk of the main gabbros show limited variation in terms of such differentiation indexes as Cr/V (1-3), and Mg# (0.55-0.65). The hybrid gabbros extend to lower Cr/V and Mg#, whereas the Nova cumulates form a distinct group with higher Mg# and Cr/V. The highest Cr/V and Mg# occur in the Nova and Creasy Group peridotites which show some overlap, although the Creasy Group samples have higher average Cr/V.
Compared to MORB, the main gabbros are strongly enriched in LILE and LREE, but most have MORB-like concentrations of Nb (and Ta), Zr, Hf and HREE (Fig. 11) . On a N-MORB-normalized trace element variation diagram, the two samples with anomalously low incompatible trace element concentrations (GSWA 183624, 183654 -red lines in Fig. 11) show similar, but less enriched trace element patterns to those of the other rocks. The peridotites and gabbronorites from Nova show remarkably similar patterns to the Fraser Zone main gabbros, but the patterns of the Nova rocks are somewhat more fractionated, with more pronounced negative Nb anomalies, positive Sr and negative Zr anomalies, as well as lower bulk trace element contents.
A detailed compositional profile through the upper portion of the Nova deposit, as exposed in drill core SFRD0017 is shown in Fig. 12 . The profile is characterised by alternation of gabbronorite and peridotite, reflected in variation in MgO contents. In much of the profile the 2 rock types define distinct populations, with the ultramafic rocks containing 30-35% MgO and the gabbros 9-16% MgO. Only in the upper portion of the section, between units 5-6 and 7-8 is there some evidence for compositions intermediate between these end-members, with MgO in the gabbros reaching 20% and in the peridotite falling to 27%.
Mg# and Cr/V tend to be slightly lower in the gabbros than in the peridotites, but there is considerable overlap. The gabbros have lower Ce/Sm (3-5) than the ultramafic rocks (Ce/Sm mostly around 6), but La/Nb ratios of the 2 rock types overlap.
Chalcophile element geochemistry
Copper contents in the main gabbros and hybrid gabbros of the Fraser Zone are mostly 30-70 ppm, with an average of 51 ppm ( Fig. 13) , significantly lower than typical N-MORB (average 73 ppm, Gale et al., 2013) . Group 2 hybrid gabbros have relatively low Cu/Zr (Fig. 13c) , resulting from both slightly higher Zr and lower Cu. Sulphur contents of the main gabbros and Group1 hybrids cluster around 1000 ppm, in the range of many other MORB magmas (Wallace and Carmichael, 1992) . Group 2 hybrid gabbros have systematically lower S than the main gabbros (Fig. 13b) .
The Nova samples have up to 5000 ppm Cu and 4000 ppm S (Fig. 13a,b) . The average Cu and S contents are significantly higher than in the Fraser Zone main and hybrid gabbros, and there is very little overlap between these populations. Notably, the gabbronorites tend to be richer in sulphide than the peridotites.
The sample suite collected by the Creasy Group tends to have Cu contents in the range of the Fraser Zone main gabbros, with the exception of one gabbroic rock containing $200 ppm Cu. Selected elements and element ratios from Nova drill core SFRD-0017 are plotted against depth in Fig. 14 . The data illustrate that S and Cu contents vary based on rock type rather than stratigraphic level; i.e., S contents >10.000 ppm and Cu contents >500 ppm are confined to the gabbronorites, irrespective of stratigraphic position.
Almost all rocks of the Fraser Zone are highly depleted in PGE relative to Ni and Cu, as expressed by Cu/Pd values mostly greater than 100,000. The highest value measured is 20 ppb Pt + Pd, and the most sulphide rich sample (with 8% sulphide) has a mere 10 ppb Pt + Pd. For the Creasy Group samples, PGE data are not yet available.
Strontium, Nd and S isotope geochemistry
In situ S isotope analysis of sulphides from 4 samples of Fraser Zone main gabbro yielded d 34 S values around 0 (Fig. 15) , overlapping with the range of the mantle (À2 to +2, Ripley, 1999 ). In contrast, sulphides in samples from Nova have d
34
S values of 0 to +4 (Fig. 15) Only relatively limited variation is seen between the maficultramafic rocks in the Fraser Zone in terms of Nd-isotopic compositions (Fig. 16 ). Five samples of main gabbro show a range in e Nd from 0.04 to À3.65. This range encompasses the range for the Group 1 hybrids (e Nd = À0.90 to À2.09; three samples), Group 2 hybrids (single sample with e Nd of À2.95) and samples from the Nova SFRD0017 drill core (e Nd = 0.43 to À1.29; three samples). When plotted against an incompatible trace-element ratio typically enriched in crustal material (e.g., La/Sm), the Nd-isotope data for all samples form an array consistent with mixing with available crustal components such as the Gora Hill Suite or felsic rocks formed during the Biranup Orogeny (Fig. 16) . 
Discussion
Petrogenesis of the main gabbros
In order to gain a better understanding of the Ni-Cu-(PGE) prospectivity of the Fraser Zone and the Albany-Fraser Orogeny, it is important to constrain the nature of the mantle source and the crystallisation history of the parent magmas to the rocks. The combined whole rock and mineral compositional data suggest that the Fraser Zone main gabbros crystallised from basaltic magma having approximately 8.8% MgO. Based on the trends in binary variation plots (Fig. 10) , the gabbroic and ultramafic cumulates from the Nova SFRD0017 drill core crystallised from a magma of broadly similar composition. The intersection of the tie lines with the MgO axis in the Al 2 O 3 /MgO plot suggests that olivine has MgO 40-45% (Fo 80-85), consistent with the available SEM data . Mineral compositional data for the samples of the Creasy Group of Companies are not yet available, but the higher Cr/V and Ni contents in the ultramafic Creasy samples suggest that these rocks may have crystallised from slightly more primitive magmas. Simulations using the thermodynamic program PELE (Boudreau, 1999) suggest that precipitates from average main gabbro (at QFM and 5 kbar) consist of olivine of composition Fo 84, followed by orthopyroxene with En 84, clinopyroxene with Di 84, and plagioclase with An 70, i.e. compositions that overlap with those of the Nova minerals. Notably, if one would increase the modelling pressure to 8 kbar, orthopyroxene would be the first liquidus phase (En 87) followed by clinopyroxene (Di 85) and plagioclase (An 66), inconsistent with the observed crystallisation sequence and mineral compositions. This suggests that the main gabbro was emplaced at depths shallower than 20 km, or that it recrystallised during exhumation.
The least evolved main gabbros (Mg# 72-77, GSWA 183652 and 183669) have Th, U, and REE concentrations greater than N-MORB, but are strongly depleted in Nb and Ta (Fig. 11) . This suggests that the parental magmas to the Fraser Zone gabbros were likely derived from a mantle source that was more depleted than the source to N-MORB. Jolly et al. (2001) used concentrations of Nb and Yb in basalt, normalised to 9 wt% MgO, to estimate the degree of mantle partial melting. A similar treatment of the data for the main gabbros suggests that the parent melts could have formed through <10% partial melting of a garnet-free spinel lherzolite mantle. This figure is possibly slightly low considering the rather high MgO content (>13 wt%) and moderate Mg# (up to 71) in some of the non-cumulate rocks. However, the relatively low concentrations of Cr in the least evolved non-cumulate gabbros (<700 ppm) suggest that some clinopyroxene remained in the mantle source after melting. This would limit the degree of melting to well below 20% (e.g., Sinton et al., 2003) . Such relatively low degrees of partial melting of a depleted mantle could potentially explain the ultralow PGE contents in the Fraser Zone magmas and cumulates as the complete dissolution of mantle sulphide is thought to require more than approximately 20% partial melting Keays, 1995; Mungall and Brenan, 2014) . Hamlyn et al. (1985) have argued that boninites and other magmas derived from depleted mantle have relatively high PGE contents, but more recent high precision data on boninites show them to be relatively PGE poor (Woodland et al., 2002) . The enrichments in Th and LREE relative to HFSE and HREE in the primitive gabbros are characteristic of subduction-related magmas. Such patterns formed the basis of the model of Condie and Myers (1999) who interpreted the gabbros of the Fraser Zone to have formed in an oceanic arc setting. However, an oceanic setting can be discounted since geochronological, isotopic and geochemical data show that the same felsic crustal material lies on both sides of the Fraser Zone and includes Archean crust and granites derived through recycling of Archean crust prior to and during the Biranup Orogeny (Kirkland et al., 2011a; Spaggiari et al., 2015; Smithies et al., 2015) . In addition, the Fraser gabbros themselves intrude a clastic sedimentary sequence (Snowys Dam Formation) interpreted as initially deposited within a foreland basin no more than 20 million years prior to intrusion . Subduction-like trace element patterns can result through assimilation of crust by mantle-derived magmas. This model Fig. 11 . N-MORB normalised multi-element plots of Fraser Zone main gabbros and peridotites and gabbroic rocks from Nova (normalisation factors from Sun and McDonough (1989) . would be more consistent with the geological and geochemical data presented here. Earlier modelling has shown that the average trace element characteristics of main gabbro can be reproduced if a magma derived from a depleted mantle source is contaminated by <10% locally available Biranup basement (Smithies et al., 2013) .
The least evolved main gabbros have La/Nb $ 2.7 (Fig. 17) , which are higher than primitive mantle values of $1.0 (Sun and McDonough, 1989) . This is indicative of crustal contamination. However, these ratios decrease slightly with decreasing Mg#, indicating that further compositional evolution does not involve further addition of crustal material.
Petrogenesis of the hybrid gabbros
The hybrid gabbros can be sub-divided into two groups that form distinct high-and low-La/Th trends broadly enveloping the field for the main gabbros (Fig. 17) . This suggests that the hybrid gabbros formed through two distinct and unrelated processes. It is also apparent, both from field observation and from the typically higher Mg# in the main gabbros, that the latter do not simply represent mixtures between the two groups of hybrid gabbro. Importantly, examples of each hybrid group occur at many sampling sites and thus the petrogenetic processes involved are not isolated phenomena. Field observations indicate that the Group 2 hybrid gabbros have physically incorporated (e.g., mingled with) felsic material at the level of intrusion, but such evidence is not found in the case of Group 1 hybrids. Group 2 hybrids are typically significantly enriched in SiO 2 and have much lower Mg#, consistent with the field evidence for mingling. Group 1 hybrids cover the same range of SiO 2 concentrations and Mg# values as the main gabbros, although they range to higher concentrations of incompatible trace elements. A range of incompatible trace element variation diagrams (in particular, Th vs K or LREE, Fig. 18a) show that the Group 1 hybrids consistently plot to the more 'crustal' side (i.e., high Th) of the main gabbros and the simplest explanation for these hybrids is that they define the upper limit of early contamination by partial melts of Biranup crust seen in the main gabbros.
In contrast, Group 2 hybrids are defined by distinctly lower Th/ K, Th/Pb, and Th/LREE ratios than both Group 1 hybrids and the main gabbros (Fig. 18a) . On incompatible trace element variation diagrams only the most primitive granodioritic end members of the Gora Hill Suite consistently lie on the Group 2 hybrid trend.
This granodioritic component of the Gora Hill Suite is itself restricted to the Fraser Zone. Thus, it seems likely that Group 2 hybrids are local physical mixes of co-magmatic main gabbro and Gora Hill granodiorite. Such a process also explains the low S and Cu, and high Zr concentrations in the Group 2 hybrids -these being characteristics of the Gora Hills granodiorite. Such interaction is clearly rare and produces only minor magma volumes (see Fig. 19 ).
Constraints on the petrogenesis of the Nova deposit
The composition of the Nova sulphides and silicates can be reasonably related to the Fraser main gabbros assuming fractional crystallization and sulphide segregation at an average R factor (mass ratio of sulphide melt to silicate melt, Campbell and Naldrett, 1979) of $1500, assuming a D sulfide melt/silicate melt of 1000 for Cu, 500 for Ni and 30.000 for Pt. The modelled metal tenors are $3.4% Cu, 4.5% Ni, 270 ppb Pt and 150 ppb Pd (Electronic Appendix 3). These tenors are broadly overlapping with the published data from the deposit (Bennett et al., 2014) , except that our sulfides have slightly higher Cu/Ni. Possibly, the sulfides in the intrusion underwent some degree of fractionation, with the disseminated sulphides in the upper portion of the intrusion being relatively enriched in ISS component. Notably, PGE tenors in the Nova sulfides are amongst the lowest in magmatic sulphides globally.
The rocks from Nova differ from most other mafic-ultramafic rocks of the Fraser Zone, including the main gabbros, in several ways. Firstly, based on their low Zr, Ti and K contents, yet high Cr contents, the Nova samples are interpreted as cumulates, irrespective of rock type, whereas the regional gabbros are almost exclusively non-cumulates, showing relatively high concentrations of incompatible elements (Fig. 10) . Secondly, the high Cu/Zr and S contents in all Nova rocks (Fig. 13) indicate that they contain cumulus magmatic sulphides (up to 8%), notwithstanding differentiation state, suggesting that the rocks crystallised from a magma saturated in sulphide melt. In contrast, the regional gabbroic rocks are exceedingly sulphide poor, consistent with Cu/Zr around or below unity, and likely crystallised from magma undersaturated in sulphide melt. Thirdly, the Nova rocks have a more pronounced crustal signature than the regional gabbroic rocks, expressed by their more radiogenic initial Sr isotopic compositions and relatively heavy S isotope signatures (Fig. 15) . Preliminary indications are that this is likely due to additional late contamination with sedimentary rocks in which Sr and S isotopes underwent pronounced fractionation. The crustal source of sulphur had a similar composition as sedimentary rocks of the Snowys Dam Formation, suggesting assimilation of sulphidic sedimentary rocks that occur interlayered with the mafic-ultramafic rocks and occur both regionally and in the vicinity of the deposit.
Notably, the available Nd-isotopic data suggest that all mafic and ultramafic rocks sampled from the Fraser Zone (i.e., main and hybrid gabbros, as well as Nova mafic and ultramafic cumulates) could be derived from a similar bulk source composition. Confirming this using incompatible trace element geochemistry is problematic because the cumulate nature of the peridotites from the Nova SFRD0017 drill core means that many of the most strongly incompatible trace elements (and particularly Th and Nb) are at concentration levels close to analytical detection levels. However, plots of Pb/K 2 O, Pb/Zr, Pb/LREE, Zr/Hf, LREE/Zr and P 2 O 5 /Pb employ pairs of trace elements that are of similar incompatibility within mafic and ultramafic magmas, have concentrations significantly higher than the analytical levels of detection, and that reflect magmatic (rather than cumulate) compositions. On compositional variation diagrams employing these ratios, cumulate samples from the Nova SFRD0017 drill core and several (but not all) Creasy Group peridotites form trends that are distinct from those of the main gabbros and hybrid gabbros ( Fig. 18b and c) . These differences cannot simply reflect differing degrees of fractional crystallisation within a common parental liquid because the concentrations of some trace elements (e.g., Pb) show significant overlap between the two populations and because for plots of, e.g., LREE/Zr and LREE/K 2 O, joining the two trends would produce curved trends that contradict the relative incompatibility of the element pairs within mafic and ultramafic magmas. These differences in trace element ratios require either a different source or a different (or additional) contaminant. In all cases when the Nova trace element trends are compared with geochemical data from the available range of felsic crustal lithologies, contamination of the Nova magmas with Arid Basin sedimentary rocks or with granites of the Southern Hill Suite (i.e., melts of the Arid Basin sedimentary rocks) provide the most viable interpretations ( Fig. 18b and c) . This is an important conclusion because the S-isotopic data also suggest that the Nova SFRD0017 rocks derived sulphur from the same crustal source.
The interlayering of mafic and ultramafic rocks at Nova could suggest that both lithologies are cumulates formed within a cyclically layered intrusion, as a result of alternating fractionation and recharge. However, this model is inconsistent with the fact that the gabbronorites have broadly similar Cu/S as the ultramafic cumulates and higher sulphide contents. Fractionation of a magma saturated in sulphide melt would be expected to result in progressive metal depletion of the magma (i.e., decreasing Cu/S) and lower sulphide contents in gabbronorites than ultramafic rocks as the slope of the S saturation curve is relatively shallow once plagioclase has appeared on the liquidus (Ripley and Li, 2013) . Thus, the S and Cu contents of the rocks could be more readily explained if the gabbros and peridotites were emplaced as distinct sills of crystal-and sulphide-charged slurries (Fig. 19) . Other proposed examples for emplacement of sulfide-bearing ultramafic slurries include Kabanga and the recently discovered Xiarihamu Ni-Cu deposit, China (Li et al., 2015) . The lack of chilled margins at the contacts between the mafic and ultramafic rocks could be explained by overlap in emplacement age and because intrusion happened at near granulite facies conditions. This model is consistent with the occurrence of variably sulphide mineralised pyroxenite fragments within coarse gabbroic rocks (sample GSWA 201255).
Such textures suggest a relatively dynamic emplacement environment in which the ascending magma can entrain fragments of earlier intrusive phases forming the wall rocks to the conduits.
The sequence of intrusion of the sills remains unclear. The relatively fine grain size of some of the gabbroic rocks could suggest that the gabbros intruded first, followed by pulses of olivine rich magmas that injected into the still hot gabbroic complex. This sequence of intrusion would be consistent with the presence of coarse grained gabbros containing inclusions of finer grained norite and pyroxenite, and it is analogous to the sequence of emplacement at, e.g., the Kabanga Ni sulphide deposit in Tanzania or the Bushveld Complex (Eales and Cawthorn, 1996) .
But why are most of the other sills in the region non-cumulates and barren of sulphide, even though sulphidic sedimentary rocks of the Arid Basin are relatively common? Two possibilities may be considered. First, the relatively thin main gabbro sills may have cooled too fast to undergo significant fractionation and to trigger significant melting of the sedimentary host rocks, whereas the relatively thick Nova sill complex cooled slower allowing more assimilation of the host rocks. If the emplacement depth was in a granulite facies regime at 25-30 km depth, the heat flux from the intrusions into the country rocks should have been relatively low, but it remains a strong possibility that the measured P-T conditions on the metasedimentary rocks are the result of post magmatic metamorphism and that the emplacement depth of the Nova sills was significantly shallower, as indicated earlier. Alternatively, or additionally, assimilation could have been controlled by mechanical rather than chemical and thermal erosion, favouring the dynamically emplaced crystal-charged Nova magmas.
Ni-Cu sulphide prospectivity of the Albany-Fraser Orogen
The Albany-Fraser Orogen offers an opportunity to examine the complexity of craton margin environments and the related potential for magmatic mineralisation. Begg et al. (2010) suggested that craton margins are particularly prospective for magmatic Ni-Cu-(PGE) deposits because mantle plumes are diverted to these regions by the thick cratonic keels, and because craton margins feature abundant large fractures and weak zones through which magmas can ascend. The Fraser Zone lies within the reworked margin of the Yilgarn Craton and possibly developed in response to accretionary and extensional processes occurring along that margin at c. 1330-1300 Ma, shortly thereafter followed by a period of compression (e.g., Clark et al., 2014; Spaggiari et al., 2014a Spaggiari et al., , 2015 . Given the dynamic plate tectonic environment and the widespread occurrence of magmatism exhibited by the 1330-1280 Ma Recherche Supersuite a mantle plume is probably the least likely explanation for Fraser Zone magmatism. However, the very large volume of mafic-ultramafic magma generated at c. 1300 Ma is of key importance in prospectivity. High grade metamorphic conditions contemporaneous with and resulting from mafic magmatism, and the interaction between mafic magmas and felsic magmas derived from melting of slightly older metasedimentary country rocks indicates an extremely hot and dynamic environment where assimilation of any sulphidic crust is favoured.
The highly depleted PGE contents (expressed by Cu/Pd mostly above 100.000) and the relatively low Cu in all Fraser Zone rocks (30% lower than average MORB) can potentially be explained by relatively small degree mantle melting (<20%) during which sulphides are incompletely dissolved in the magma, analogous to many other samples of MORB (e.g., Yang et al., 2014) . Importantly, this has no impact on the Ni prospectivity of the magmas, as Ni in the mantle is largely controlled by olivine rather than sulphide. An alternative explanation for the low PGE content of the magmas . Continued convergence may have initiated westdipping subduction beneath the passive margin and accreted arc, and the formation of a distal back-arc regime in the current position of the Fraser Zone . (b) Sketch showing preferred model for formation of Nova deposit via ascent of sulfidic crystal slurries derived from a large staging chamber where abundant crustal melting and sulfide assimilation occurred. Magma ascent was triggered by tectonism. Regional mafic-ultramafic sills are unmineralised despite having intruded granitic basement and sulfidic sedimentary rocks, because they are not fed from staging chambers that underwent sulfide assimilation. (c) Alternative model of formation of Nova deposit, via downward percolation of sulfidic slurries from an eroded staging chamber.
could be that fertile basaltic magmas equilibrated with small amounts of sulphide prior to emplacement, e.g., in response to contamination in the lower crust during which the highly chalcophile Cu and PGE were extracted relatively efficiently in segregating sulphide melts compared to Ni (D sulfide melt-basalt is >10 4 for PGE, $1000 for Cu, vs 300-500 for Ni, Barnes and Lightfoot, 2005) . This idea would be consistent with the model of Chiaradia (2014) who explained low Cu contents in some arc basalts via sulphide fractionation during ascent through thick crust. However, we argue that this model is incompatible with the remarkable regional homogeneity of the Fraser Zone magmas in terms of their chalcophile element depletion; Crustal interaction rarely results in homogenous metal depletion in magma suites as some magma pulses that use conduits lined by earlier magmatic phases can be effectively shielded from contamination.
The compositional similarity between the Nova samples, many of the Creasy Group samples, and the limited data available from the Plato prospect of Apollo Minerals, in terms of their elevated sulphide content, their cumulate nature, and their high Cr/V and Ni content, could suggest that the entire Fraser Zone is relatively prospective for Ni-Cu sulphides. The lower sulphide contents in the Creasy Group samples may reflect less contamination with sulphur-bearing metasedimentary country rock, but verification of this model requires S and Sr isotope data.
Summary and conclusions
Exploration of the extensive Albany-Fraser Orogen at the south eastern margin of the Yilgarn Craton is in its infancy. The present study indicates that the Fraser Zone magmatism formed by moderate degrees (<20%) of melting of a source more depleted than N-MORB. Mantle melting was driven by plate motions. The relatively low degree of mantle melting led to incomplete dissolution of mantle sulphides and ultra-low PGE contents of the magmas and cumulates. The magmas were ponded and crustally contaminated in the lower to mid crust where they formed abundant sills (Fig. 19 ). An intrusion belonging to this suite hosts the recently discovered Nova Ni deposit, suggesting that the Fraser Zone has the potential to become a significant new Ni camp. Critical factors in sulphide prospectivity include the craton margin setting within an orogenic belt, the presence of large volumes of mafic-ultramafic magmas resulting in a high heat flux to the crust, and the presence of sulphide bearing sedimentary rocks that can provide external S to the magmas. We suggest as one possible working hypothesis that the sulphide melt initially formed in large magma chambers due to roof assimilation. Periodic ejections of crystal and sulphide charged magmas from these staging chambers, possibly driven by seismic pumping triggered by tectonism, formed mineralised sills at higher crustal levels such as Nova (Fig. 19) . Barren sills are not derived from large staging chambers and thus formed from relatively crystal-poor magma that cooled relatively fast and thus tend to be relatively fine grained and sulphide poor. An alternative hypothesis could be that the Nova sulphides percolated downward from a now eroded magma chamber. Further evaluation of these hypotheses awaits access to, and detailed study of the ore deposit itself.
